Introduction
Cellular phenotype, migration, and proliferation are dependent upon properties of the surrounding extracellular matrix (ECM) including stiffness and permeability to soluble signaling molecules such as cytokines, growth factors, and hormones. An important focus of biomedical materials research is parsing the roles of physiological and pathophysiological matrix stiffness in regulating cell behavior. Hydrogels are common substrates used for modeling the interplay between ECM properties and cellular phenomena with systems based on natural polymer gels such as collagen and matrigel, and synthetic polymer gels such as polyacrylamide and PEG. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Hydrogel cross-link density is tuned to obtain gels with elastic moduli from 1 Pa to 100,000 Pa -notably, permeability to proteins the size of autocrine factors varies over this range (e.g. amphiregulin, interleukin-1) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] as does the extent of non-specific protein adsorption. 30, 31 These studies provide valuable insight into mechanisms of cell-matrix interactions, but possess limitations in decoupling the contributions of individual properties because the permeability and ligand density of these models are dependent upon substrate cross-link density. Illuminating work with cells cultured on posts of differing flexibility [32] [33] [34] partially bridges this gap but this strategy is not suited for three-dimensional cell culture, a crucial step forward.
Peptides have long been incorporated into hydrogels to facilitate cell adhesion, 19, [35] [36] [37] provide substrates for enzymatic degradation, [38] [39] [40] [41] as structural components, [42] [43] [44] [45] [46] and even to direct self-assembly processes. 19, [47] [48] [49] Synthetic polypeptides, synthesized by ringopening polymerization since the 1950s, [50] [51] [52] [53] [54] introduce a powerful capability to generate macromolecular species using the amino acid backbone found in nature, thus providing a route to biocompatible polymeric systems with programmable function. [55] [56] [57] [58] Peptide sequences, like proteins, can fold into stable secondary structures such as beta sheets or helices. These structures facilitate the presentation of surface moieties that dictate cell signaling and molecular docking and provide unique opportunities to design supramolecular shape and function. 59 Polypeptides produced from alkyne-modified glutamate monomers (i.e. γ-propargyl-L-glutamate, γpLglu) [60] [61] [62] [63] [64] are impressively modular, as an almost unlimited range of molecules can be coupled to the peptide backbone through 1,3-dipolar cycloaddition, 60 a type of highly efficient "click chemistry" used extensively in the development of biomedical materials since 2001. [65] [66] [67] [68] [69] In order to design hydrogels with independently tunable permeability and stiffness, we produced a library of "click"-grafted polypeptides that exhibit either stiffer helical or moreflexible random coil conformations. Backbone rigidity (i.e. helix or coil) dictates the relative stiffness of gels made with an otherwise identical formulation: unlike cross-link density, backbone rigidity has a minimal effect on gel permeability. Poly(γ-propargyl-L-glutamate) (PPLG), synthesized by ring-opening polymerization of the N-carboxy anhydride of γpLglu, 60 adopts a rigid a-helix conformation: we hypothesized that a random copolymer produced from a 50:50 mixture of γpLglu and γpDglu monomers (PPDLG) would exhibit a more flexible random coil conformation. Although insertion of opposite chirality residues into a peptide sequence is known to change or completely disrupt the resulting secondary structure, 70, 71 early studies of poly(carboxybenzyl-D,L-glutamate) reported that the polymer consists of blocks of D and L monomers that form alternating left-and righthanded helices. 72 We anticipate that this effect was partially due to a large discrepancy in monomer addition rates (i.e. the addition of L to L and of D to D occurred much more readily than the addition of L to D and of D to L) on account of the bulky nature of the carboxybenzyl protecting group.
In this work, we investigate the structure/property relationships of a set of synthetic grafted polypeptides (Scheme 1) with tunable parameters including the degree of polymerization (n), monomer chirality (L, D), and grafting group size (m). The effect of monomer chirality on polypeptide conformation was studied by characterization of poly(γ-propargyl-Lglutamate)-graft-(ethylene glycol) 2 (PPLGgEG 2 OH, 5a) and poly(γ-propargyl-D,Lglutamate)-graft-(ethylene glycol) 2 (PPDLGgEG 2 OH, 5b) with circular dichroism (CD) spectroscopy, FTIR spectroscopy, and dynamic light scattering (DLS). Hydrogel networks were produced by cross-linking either helical or coil polypeptides with a coupling agent, 4-(maleinimido)phenyl isocyanate (PMPI), and star PEG thiol (PEG(SH) 4 ) as shown in Figure  1 : control gels were prepared by cross-linking star PEG acrylate (PEG(Acrl) 4 ) and PEG(SH) 4 . In order to compare the helical polypeptide, coil polypeptide, and control hydrogels, we measured sample swelling, gelation efficiency, and permeability to a model protein. The hydrogel elastic moduli were measured via AFM indentation in fluid.
Materials and methods

Materials
All chemicals were purchased from Sigma Aldrich, Acros Organics, or Invitrogen and used as received unless noted. The L-glutamic acid and D-glutamic acid starting materials (Sigma Aldrich) were re-crystallized in pure water before use. The coupling agent 4-(maleinimido)phenyl isocyanate (PMPI, Pierce/Thermo), PEG(SH) 4 , and PEG(Acrl) 4 (Laysan Bio) were purchased in 50 mg, 1 g, and 1g sizes, respectively. These sensitive compounds were divided into small aliquots in a dry, nitrogen-filled glovebox using labeled, tared Eppendorf tubes: each aliquot was stored under nitrogen surrounded by desiccant at −20 °C until use. Further details of the materials and protocols used for polypeptide synthesis are located in the Supporting Information section.
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The following abbreviations are used throughout the text: atomic force microscopy (AFM), circular dichroism (CD), dichloromethane (DCM), dimethylformamide (DMF), dimethylsulfoxide (DMSO), Dulbecco's phosphate-buffered saline (DPBS), dynamic light scattering (DLS), ethyl acetate (EtOAc), extracellular matrix (ECM), fluorescein-ovalbumin (fOA), fluorescence recovery after photo-bleaching (FRAP), Fourier-transform infrared 
Monomer, polymer, and grafting group synthesis
A set of grafted polypeptides composed of either all L-or a mixture of D-and L-glutamate monomers was synthesized following methods adapted from a previous publication as shown in Scheme 1. 60 Briefly, L-glutamate (1a) was suspended in propargyl alcohol and reacted with trimethylsilyl chloride for 36 hours at 25 °C. The crude mixture was purified by precipitation into diethyl ether followed by crystallization in a 10:1 mixture of acetonitrile and dimethylformamide (DMF) to yield γpLglu (2a) as fine, white crystals. Next, 2a was reacted with triphosgene in anhydrous ethyl acetate for 6 hours at reflux under argon. Warning: this reaction can generate toxic phosgene gas and should only be conducted by experienced personnel: please see the Supporting Information section for additional safety precautions and protocol details. The mixture was filtered, washed, dried, and then concentrated under vacuum to yield γpLglu NCA (3a) as a colorless oil.
Polypeptides were synthesized by reaction of NCA monomer (3a) with 1-aminohexane as initiator in anhydrous DMF for 72 hours at 25 °C under argon. The solvent was removed under vacuum and the crude product was precipitated from minimal DCM into diethyl ether to yield PPLG (4a) as a white powder. The stereoisomer forms of the L-glutamate monomer, namely γpDglu (2b) and γpDglu NCA (3b), were synthesized as described above using D-glutamic acid (1b) as the starting material. The heteropolymer PPDLG (4b) was synthesized by mixing equivalent amounts 3a and 3b in anhydrous DMF and initiating with 1-aminohexane, following the same reaction and purification protocol as described above for PPLG (4a).
Azide-functionalized ethylene glycol grafting groups were synthesized by reacting chloroethoxyethanol (6) with sodium azide in a water/ethanol mixture at reflux under nitrogen for 36 hours. The crude mixture was concentrated under vacuum, extracted into diethyl ether, and dried to yield azidoethoxyethanol (7) as a clear liquid. Finally, 4a was grafted by reaction with 7 catalyzed by PMDETA and Cu(I)Br in anhydrous DMF under argon for 8 hours at 20 °C. The solvent was removed under vacuum and the crude was dissolved in water and incubated with Dowex M4195 ion exchange resin for 20 minutes at 20 °C to remove the copper catalyst. The resin was removed by filtration and the filtrate was further purified by dialysis in pure water for 72 hours (1000 MWCO regenerated cellulose dialysis tubing, VWR): the polymer solution was then lyophilized to yield PPLGgEG 2 OH (5a) as a white powder. The heteropolymer PPDLG (4b) was grafted following an identical protocol to obtain PPDLGgEG2OH (5b).
Polymer composition and molecular weight
The structure and molecular weight of grafted polypeptides were evaluated via nuclear magnetic resonance (NMR) spectroscopy and gel permeation chromatography (GPC). Each compound produced in Scheme 1 was analyzed by 1 H and 13 C NMR spectroscopy (400 MHz, Bruker) in deuterated dimethyl sulfoxide (DMSO-d6 , Cambridge Isotopes Lab). Polymer molecular weights were obtained from GPC analysis (Waters 1525 with refractive index detector) of polymer solutions (5 mg/mL in DMF) passed through a 0.45 μm filter and run at 75 °C with DMF as eluent. The molecular weight distributions were calculated by comparison to poly(methyl methacrylate) standards.
Polymer secondary structure and hydrodynamic radius
Polypeptide secondary structure was observed via CD spectroscopy (Aviv Model 202) of polymer samples (1 mg/mL in water) passed through a 0.45 μm filter and measured in a quartz cell (1 mm path length, New Era). Ellipticity was measured over the wavelength range of 195 nm to 250 nm at 25 °C. The effect of monomer chirality on polypeptide secondary structure was further analyzed using Fourier transform infrared (FTIR) spectroscopy. Polypeptide and FTIR-grade KBr (approximately 10 mg of each) were mixed and ground with a mortar and pestle into a fine, homogeneous powder. The powder was subsequently compacted in a sample press to form a thin, transparent, window and the vibrational spectrum of each sample was measured on an FTIR spectrometer (Bruker Alpha-E) over the range of 500 cm −1 to 4000 cm −1 . Polymer hydrodynamic radii and diffusion coefficients were calculated from analysis of laser light scattering (830 nm, DynaPro NanoStar with Dynamics software, Wyatt Technology) from polymer samples (10 mg/mL in DMF, solutions centrifuged at 5000 g for 5 minutes) in a 12 μL quartz cuvette. The effect of molecular weight on polymer diffusivity was measured for PPLGgEG 2 OH, PPDLGgEG 2 OH, and linear PEG, a widely used random coil polymer.
Hydrogel formation
Gels were produced as shown in Figure 1 by cross-linking grafted polypeptides with the coupling agent PMPI and PEG(SH) 4 ; control gels were prepared by cross-linking PEG(Acrl) 4 with PEG(SH) 4 (Laysan Bio). Briefly, stock solutions were produced by dissolving each compound separately in anhydrous dimethylsulfoxide (DMSO) as indicated: PPLGgEG 2 OH (200 mg/mL), PPDLGgEG 2 OH (200 mg/mL), PMPI (30 mg/mL), and PEG(SH) 4 (110 mg/mL). PEG(Acrl) 4 stock solution was prepared in DPBS (100 mg/mL, pH 7.4). Note: all solution preparation and gel mixing was conducted in a chemical fume hood to minimize exposure to PMPI, which has isocyanate groups that present an inhalation hazard. Gels with a variety of cross-link densities and polymer concentrations were easily prepared by mixing the requisite amount of each stock solution with additional DMSO as desired. For the gel comparison described herein, polypeptide gels containing 10 wt% polymer were produced by first mixing the requisite amount of polypeptide and DMSO, and then PMPI solution was added while vortexing to ensure even distribution. Next, the PEG solution was added while vortexing. Control PEG gels containing 10 wt% polymer were prepared in a similar fashion by mixing PEG(SH) 4 and PEG(Acrl) 4 in stoichiometric equivalents.
After mixing, the hydrogel sol was quickly pipetted into either a glass vial or an acrylatemodified glass bottom dish (Mattek). Glass bottom dishes were modified with acrylate groups by reaction with 3-acryloxypropyl trimethoxysilane (Gelest) in methanol (100 mM) for 3 hours then rinsed, dried, and stored at −20 °C with dessicant until use. After 18 hours, the resulting hydrogels were incubated in several changes of Dulbecco's phosphate-buffered saline (DPBS, pH 7.4) for swelling and solvent exchange.
Hydrogel swelling, permeability, and elastic modulus
The hydrogels were formed in labeled, tared flasks. Each sample was weighed in the relaxed state (i.e. before swelling), then swelled to equilibrium with several changes of buffer (DPBS, pH 7.4). Samples were weighed at each buffer change and equilibrium swelling was assumed when the hydrogel mass no longer increased with time. Finally, gels were dried under vacuum and the residual solids were weighed. The hydrogel swelling ratio (Q), equilibrium water content (EWC), and gelation efficiency (ε) were calculated as follows:
where m r is the hydrogel mass in the relaxed state, m s is the hydrogel mass in the swollen state, m p,r is the ideal mass of polymer in the hydrogel, and m p,d is the actual mass of polymer that remains after swelling and drying the hydrogel.
The permeability of polypeptide hydrogels was determined by measuring the diffusivity of a fluorescent model protein with fluorescence recovery after photo-beaching (FRAP). Hydrogels were loaded with fluorescein-labeled ovalbumin (45 kDa, fOA) by incubation in fOA solution (1 mg/mL in DPBS pH 7.4) for 24 hours. The hydrogels were placed in a glass-bottom dish (Mattek, #1.5 coverslip bottom), surrounded by buffer, and covered with a coverslip to prevent evaporation during the experiment. A Deltavision microscope (Applied Precision) with a 488 nm argon ion laser was used to bleach sections of the hydrogel and then monitor the resulting recovery as non-bleached fluorescent protein diffused into the bleach area. The resulting images were analyzed with softWoRx software (Applied Precision) to solve the following equation: (4) where D is the diffusion coefficient, w is the bleach radius, and τ ½ is the recovery halflife. 73 Mechanical properties of hydrogels were measured on a commercial scanning probe microscope (Molecular Force Probe 3D, Asylum Research). Non-reflective silicon cantilevers modified with a 45-μm diameter polystyrene particle (Novascan Technologies, Ames, IA) were used to obtain the continuous force-displacement responses of the hydrogels in DPBS (pH 7.4) at 25 °C. Prior to indentation, the actual spring constant (k c ) of each cantilever was determined experimentally as 12.96 N/m. Indentation force-displacement responses were analyzed in IGOR Pro software (WaveMetrics, Lake Oswego, OR). Application of the Hertz model for a spherical tip yielded the elastic modulus (E) of each sample as follows: (5) where F is applied force, R is the radius of the polystyrene particle, δ is the indentation depth, and v is the Poisson's ratio, which was assumed to be 0.5 for the hydrogels.
Results and discussion
Grafted polypeptide synthesis
With the goal of obtaining a set of rigid and flexible polymers with otherwise identical composition, we synthesized glutamate-based polypeptides from either γpLglu or a 50:50 mixture of γpLglu and γpDglu to form the PPLG homopolymer and PPDLG heteropolymer, respectively (Scheme 1). The polymer composition and molecular weight were determined by NMR spectroscopy and GPC, as shown in Figure 2 . Typical PDI values for the polypeptides are 1.15 before grafting and 1.25 after grafting. Importantly, the average grafting efficiency of PPLGgEG 2 OH was 97% while that of PPDLGgEG 2 OH was 85%, as determined via NMR spectroscopy. In an earlier publication, the high grafting efficiency of PPLG, in comparison to other polymer backbones grafted via azide-alkyne cycloaddition, was attributed to the helical nature of the polymer, which might reduce steric hindrance and result in increased accessibility of monomer side-chains for reaction. 60 Our data not only confirm the very high grafting efficiency of PPLG but demonstrate that, under identical conditions, the heterochiral PPDLG polymer exhibits slightly lower, although still quite high, grafting efficiency. These results suggest that the PPDLG does indeed exhibit a different conformation than PPLG.
Secondary structure and hydrogen bonding of grafted polypeptides
The conformation of grafted polypeptides was investigated with CD and FTIR spectroscopy. The PPLGgEG 2 OH homopolymer adopts an α-helix conformation, as demonstrated by a CD spectrum with the characteristic minima at 222 nm and 208 nm (Figure 3) . 74 In contrast, the PPDLGgEG 2 OH heteropolymer exhibits a CD spectrum with a broad maximum at 215 nm and a minimum at 195 nm, suggesting that this species adopts a random coil conformation in solution. 74 Importantly, the magnitude of the PPDLGgEG 2 OH spectrum is much lower than that of the homopolymer because the ellipticity induced by L and D monomers is opposite in sign. As a result, the CD spectrum of a sample containing 50% L and 50% D will sum to zero, regardless of what type of secondary structures are present. For this reason, we pursued additional confirmation of the grafted polypeptide secondary structure as described below.
The solid phase FTIR spectra of polypeptides (Figure 4 ) provide further evidence of macromolecular secondary structure. Three relevant regions are those associated with amide bonds -specifically, the C=O stretch (amide I, 1665 ± 30 cm −1 ), N-H stretch (3170 -3500 cm −1 ), and N-H bend (amide II, 1530 ± 30 cm −1 ): hydrogen bonding (or lack thereof) affects the frequency of these vibrational modes. The PPDLGgEG 2 OH heteropolymer exhibited peaks at 1660 cm −1 and 3315 cm −1 , corresponding to amide I and N-H stretching vibrations, respectively. In contrast, the PPLGgEG 2 OH homopolymer exhibited amide I (1654 cm −1 ) and N-H stretching (3298 cm −1 ) frequencies that were lower than those of the PPDLGgEG 2 OH heteropolymer. Interestingly, the PPLGgEG 2 OH homopolymer exhibited a higher amide II frequency than the PPDLGgEG 2 OH heteropolymer (1550 cm −1 versus 1543 cm −1 , respectively). Importantly, the frequency of the ester C=O stretch, typically found at 1740 ± 10 cm −1 , occurs at 1736 cm −1 for both the PPLGgEG 2 OH and PPDLGgEG 2 OH polypeptides: this and other vibrational modes are highlighted in Figure 4 . These data demonstrate that the PPLGgEG 2 OH homopolymer exhibits more hydrogen bonding than the PPDLGgEG 2 OH heteropolymer, as hydrogen bonding lowers stretching frequencies (reduced restoring force) but raises bending frequencies (increased restoring force). 75 The results support our hypothesis that the PPLGgEG 2 OH homopolymers exist in predominantly α-helix conformation but that PPDLGgEG 2 OH heteropolymers containing both D-and Lglutamate monomers adopt random coil conformation. The shifts documented here for PPLGgEG 2 OH versus PPDLGgEG 2 OH polypeptides are similar to those observed by Doty et al. 53 for poly(L-glutamic acid), the conformation of which can be shifted from α-helix to random coil by a change of solution pH. Specifically, the shift between helical and random coil polypeptides for the amide I peak was an identical 6 cm −1 for both the Doty et al. poly(L-glutamic acid) and our grafted poly(propargyl-glutamate). The amide II peak shift was slightly more pronounced at 10 cm −1 for Doty et al. in comparison to the 7.8 cm −1 measured for our grafted poly(propargyl-glutamate) (20% less). Part of this discrepancy may be due to the more complicated nature of the poly(L-glutamic acid) spectra in this region, which makes it difficult to assign the exact peak for amide II.
Effect of Chirality and Molecular Weight on Polypeptide Size and Diffusivity
The final confirmation of polypeptide secondary structure was obtained by measuring the size and diffusivity of PPLG, PPDLG, and linear PEG with dynamic light scattering. The relationship between diffusion coefficient and molecular weight of each type of polymer was fitted to the Mark-Houwink equation: (6) for which D is the diffusion coefficient, k″ is a constant, M N is the molecular weight, and ε is the scaling parameter. Values of ε are dependent upon the polymer shape in solution, ranging from 0.3 for compact spheres to 0.5 -0.6 for random coils to 1 for rigid rods. 76 We found that ε was 0.6 for linear PEG, 0.6 for PPDLGgEG 2 OH, and 0.9 for PPLGgEG 2 OH, as displayed in Table 1 . The scaling parameters for PEG and PPDLGgEG 2 OH are similar, and indicate a random coil conformation, in contrast to the higher value found for PPLGgEG 2 OH, which denotes an extended rod conformation.
The polymer persistence length, which also varies according to conformation, was determined with the following equation: (7) where R is the hydrodynamic radius and L is the contour length, calculated by multiplying the length per monomer by the total number of monomers. The average persistence lengths for PEG, PPDLGgEG 2 OH, and PPLGgEG 2 OH were 0.3 nm, 0.6 nm, and 1.0 nm, respectively (Table 1) . These values correspond to approximately 1.3 monomer units for PEG, 1.7 monomer units for PPDLGgEG 2 OH, and 6.8 monomer units for PPLGgEG 2 OH (assuming peptide random coil segments are about 3.8 Å long per residue and peptide helical segments are about 1.5 Å long per residue). 77 These results are in good agreement with literature values for the persistence lengths of helical versus random coil peptides, 78, 79 indicating that PPDLGgEG 2 OH adopts a random coil conformation similar to that of linear PEG, whereas PPLGgEG 2 OH adopts a rod-like conformation characteristic of helical polymers. This result supports our hypothesis that a random copolymer polymerized from a 50:50 mixture of γpLglu and γpDglu monomers would exhibit a random coil conformation. As such, we have developed a strategy that employs monomer chirality to create polypeptides with either rigid helix or flexible coil conformations that are otherwise chemically identical.
Hydrogel swelling and permeability
The effect of polypeptide backbone rigidity on gel network properties was evaluated by cross-linking either helical or random coil polypeptides with PMPI and PEG(SH) 4 (PMPI:polypeptide ratio = 4:1, polypeptide:PEG ratio = 1:1) at a concentration of 10 wt% polymer overall (Figure 1 ). This cross-linking strategy was used due to its reproducibility and flexibility, as a variety of cross-linking concentrations can be produced by tuning the ratios of PMPI, peptide, and PEG. For comparison, control gels were produced by crosslinking PEG(Acrl) 4 with a stoichiometric equivalent amount of PEG(SH) 4 at 10 wt% polymer. Hydrogels formed within minutes of mixing and swelled to equilibrium within 24 hours. The equilibrium water content and gelation efficiency of all three types of hydrogel were not significantly different (Figure 5b ), but the PEG and random coil polypeptide gels exhibited slightly higher swelling ratios than helical polypeptide gels (Figure 5a) . Importantly, the diffusion coefficient of 45 kDa ovalbumin, measured with FRAP, was similar in all types of hydrogels (Figure 5c ).
Hydrogel mechanical properties
The elastic modulus of hydrogel samples, as measured by AFM indentation in fluid, is shown in Figure 6 . The empirical elastic modulus for the heteropolymer PPDLGgEG 2 OH is similar to that of the control PEG gels: both exhibit moduli predicted by rubber elasticity theory, 80 which describes properties for ideal gel networks with flexible chains as follows: (8) where ν S is the concentration of elastic polymer chains in the swollen state, R is the gas constant, and T is the temperature. Although rubber elasticity predicts that the helical and random coil gels will have similar stiffness, the modulus of helical polypeptide gels is more than double that of the random coil polypeptide gels. The inability of rubber elasticity theory to predict properties of homopolymer PPLGgEG 2 OH hydrogels is due to the rigidity of the helical polypeptides: these macromers are more accurately described as semi-flexible chains. Semi-flexible polymer networks with different backbone rigidity that are otherwise identical should exhibit elastic moduli proportional to the square of the bending modulus, K (K = L P kT, where L P is persistence length, k is Boltzmann's constant, and T is temperature). 81 As such, the ratio of helical polypeptide to random coil polypeptide hydrogel elastic moduli calculated by the theory of semi-flexible chains is 2.17 (taking into account the slight differences in gelation efficiency, swelling, and ratio of polypeptide to PEG in the two types of gels). The empirical ratio from AFM data is 2.15, only 1.3% lower than the theoretical value. This finding supports our hypothesis that grafted polypeptides can be used to produce hydrogels with stiffness dependent upon backbone rigidity but similar permeability and composition.
Conclusions
We have shown that ring-opening polymerization of γpLglu produces helical polypeptides while polymerization of a 50:50 mixture of γpLglu and γpDglu produces random coil polypeptides that are otherwise chemically identical. As hypothesized, we can make hydrogels from either helical or coil polypeptides having the same formulation that exhibit similar swelling and permeability, but dramatically different stiffness due to rigidity of the polypeptide backbone. These results suggest that we can employ the grafted polypeptides as components of hydrogels with varying amounts of stiff rod-like segments or flexible coil segments, thus introducing the possibly of creating polymeric biomaterials with tunable and well-defined physicochemical properties. These macromers will be used to create a library of hydrogel substrates with systematically and independently varied stiffness, permeability, and ligand presentation with which to study fundamental parameters of cell-matrix interactions. Additional features will be introduced by application of "click chemistry" to graft functional groups, such as adhesion ligands, affinity probes, and macromolecular permeability modifiers, to the polypeptide backbone. We are also exploring alternative cross-linking strategies for all-aqueous hydrogel formation as well as self-assembled hydrogels.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Gels were produced by reacting polypeptide (a) with PMPI (c) and star PEG thiol (d); control gels were produced by reacting star PEG acrylate (b) with star PEG thiol (d). The PPLGgEG 2 OH homopolymer and PPDLGgEG 2 OH heteropolymer were cross-linked to form helical (e) and random coil (f) hydrogel networks, respectively. The alcohol groups along the polypeptide backbone reacted with isocyanate groups of PMPI to form urethane bonds (g) and the star PEG thiol reacted with the maleimide groups of PMPI (or acrylate groups of star PEG acrylate) to form thioether bonds (h). Circular dichroism spectra of (a) helical (PPLGgEG 2 OH) and (b) random coil (PPDLGgEG 2 OH) grafted polypeptides. Note: spectra are plotted on different y-axis scales for ease of view. FTIR spectra of PPLGgEG 2 OH (solid line) and PPDLGgEG 2 OH (dotted line) (a). The peak shifts of the amide I region (b) and the N-H stretch region (c) are due to the presence of hydrogen bonding in helical polypeptides and lack in random coil. Swelling and permeability data for PPLGgEG 2 OH, PPDLGgEG 2 OH, and PEG hydrogels: (a) swelling ratio (Q), (b) equilibrium water content (EWC) and gelation efficiency (Îμ), and (c) diffusivity of 45 kDa ovalbumin. Hydrogel elastic moduli: empirical values determined by AFM indentation in fluid compared with values calculated from rubber elasticity theory. Table 1 Comparison of scaling parameter (ε) and persistence length (L P ) determined for polypeptides and linear PEG from dynamic light scattering data. 
